The cinchona alkaloids cinchonidine and cinchonine belong to the most efficient chiral modifiers for the noble metal-catalyzed enantioselective hydrogenation of CQO and CQC bonds. Under reaction conditions these modifiers are coadsorbed on the noble metal surface with hydrogen. Using density functional theory, we studied the effect of coadsorbed hydrogen on the adsorption mode of cinchonidine and cinchonine on a Pt(111) surface at different hydrogen coverages. The theoretical study indicates that the presence of coadsorbed hydrogen affects both the adsorption geometry as well as the stability of the adsorbed cinchona alkaloids. At all hydrogen coverages the cinchona alkaloids are found to be adsorbed via anchoring of the quinoline moiety. In the absence of hydrogen as well as at low hydrogen coverage the quinoline moiety adsorbs nearly parallel to the surface, whereas at higher hydrogen coverage it becomes tilted. Higher hydrogen coverage as well as partial hydrogenation of the quinoline part of the cinchona alkaloid and hydrogen transfer to the CQC double bond at 10, 11 position of the quinuclidine moiety destabilize the adsorbed cinchona alkaloid, whereas hydrogen transfer to the nitrogen atom of the quinoline and the quinuclidine moiety stabilizes the adsorbed molecule. The stability as well as the adsorption geometry of the cinchona alkaloids are affected by the coadsorbed hydrogen and are proposed to influence the efficiency of the enantiodifferentiating ability of the chirally modified platinum surface.
Introduction
Cinchona alkaloids (cinchonidine, cinchonine, quinine and quinidine) play an important role as organocatalysts in many reactions. 1, 2 They are also the most efficient organic molecules for bestowing chirality to noble metal catalysts used for asymmetric hydrogenation. [3] [4] [5] [6] [7] [8] Key for the enantiodifferentiating power of these chirally modified catalysts is the adsorptive anchoring and conformational structure of the cinchona alkaloid on the noble metal surface. Subtle changes in the adsorptive anchoring and conformation can induce dramatic changes in the enantioselection. 9 Cinchona alkaloids show a rich conformational behavior and the population of the different conformers depends on the polarity of the reaction medium 10 and temperature. Attenuated total reflection (ATR-IR) 11 and reflection-adsorption (IRAS) 12 infrared spectroscopy studies revealed that at least three different adsorption modes of cinchonidine can be distinguished on a polycrystalline Pt surface. Depending on surface coverage the following adsorption modes were uncovered: (i) anchoring by nearly parallel adsorption via aromatic p-bonding of the quinoline moiety, (ii) tilted adsorption of the quinoline moiety via the N-lone pair where the a-H is abstracted, and (iii) tilted adsorption via N-lone pair bound quinoline.
11
Besides their experimental investigation, the conformations of cinchonidine adsorbed on a clean Pt(111) surface have also been studied theoretically using first principles studies. 13 The adsorption mode of the modifier is considered to be crucial for the enantiodifferentiating interaction between the adsorbed chiral modifier and the substrate and thus for achieving high enantioselectivity in the asymmetric hydrogenation of activated ketones over cinchona-modified noble metals. Time lapsed scanning tunneling microscopy (STM) studies of cinchonidine and cinchonine adsorption on Pt(111) surfaces indicated considerable mobility of the adsorbed cinchona alkaloids, which increased when the hydrogen pressure was increased.
involved in the reaction are coadsorbed, such as substrates (activated ketones) 15 and hydrogen. 14 In the latter case, destabilization of the adsorptive binding due to partial hydrogenation of the aromatic quinoline ring has been observed. 16 Recently, Motobayashi et al. investigated the effect of hydrogen on the orientation of cinchonidine (CD) adsorbed on platinum using attenuated total reflection-surface enhanced infrared reflection adsorption spectroscopy (ATR-SEIRAS). 17 This study
showed that the adsorbed quinoline moiety of CD changed from a p-bonded nearly parallel orientation to an N-bonded upright one in the presence of hydrogen. The origin of the reorientation was ascribed by the authors to the repulsive interaction of the quinoline p-orbital and the negative surface charge induced by dissociative adsorption of H 2 and hydrogenation of the CQC double bond at C10-C11 (Scheme 1). Thus there exists considerable experimental evidence that hydrogen coadsorption affects the adsorption of the cinchona alkaloids, which in turn can greatly affect the enantiodifferentiating ability and stability of these chiral modifiers. To our knowledge there exists no systematic theoretical study focusing on the effect of hydrogen coadsorption on the adsorption geometry and stability of cinchona alkaloids.
With this in mind we have studied the coadsorption of the most frequently used chiral modifiers, cinchonidine and cinchonine (CN), with hydrogen on Pt(111) using density functional theory (DFT). These two chiral modifiers are diastereomers and only differ in the chirality at C8 and C9 (see Scheme 1) . Pt(111) was chosen as the model surface because structure sensitivity studies of the Pt-catalyzed asymmetric hydrogenation have indicated that the Pt(111) face is one of the most active in these reactions. 18 
Methods
DFT calculations of this study have been performed using the Quickstep module 19 of the CP2K program package, 20 a suite of programs developed to efficiently perform electronic structure and molecular dynamics calculations based on the Gaussian and plane waves formalism. 21 Interactions with the frozen atomic cores are described with norm-conserving pseudopotentials while valence electrons are treated explicitly. 22 For O, N and C atoms, respectively six, five and four electrons have been considered in the valence shell and a triple-z valence plus double polarization basis set has been adopted for their valence electrons. The same kind of basis set has been used for H. Pt atoms have been simulated with 18 valence electrons and a triple-z basis set. The energy cutoff of the electron density has been set to 600 Ry and the relative cutoff to 50 Ry. Preliminary calculations showed the default value of 40 Ry for the relative cutoff to be insufficient for reliable results. Exchange-correlation potentials are modelled within the generalized gradient approximation (GGA) using the PerdewBurke-Ernzerhof (PBE) functional. 23 Spin-polarization has been considered in all calculations. With these configurations, the lattice parameter of Pt has been optimized to be 3.965 Å. The Pt surface, exposing the (111) crystallographic plane, has been simulated with a slab of four atomic layers and a total of 36 atoms in the surface plane resulting in a total number of 144 Pt atoms in the slab. The top two layers of the slab were allowed to relax. A vacuum of 25Ád s , where d s is the slab thickness, has been added to avoid interactions with the periodic images of the slabs.
The binding energy E B of CD and CN has been calculated according to eqn (1) , where E Pt+mol is the total energy of the (hydrogenated) Pt(111) slab with the CD or CN molecule adsorbed, E Pt refers to the total energy of the (hydrogenated) Pt(111) surface without adsorbate and E mol,gas is the energy of the corresponding molecule in the gas phase.
The binding energy of hydrogen has been calculated accordingly, however, here, the reference state in gas phase is the H 2 molecule and E B,H 2 is normalized to the number n of H atoms (eqn (2)).
With this definition negative values of the binding energy indicate an exothermic adsorption process. The more negative E B , the stronger and thus more stable is the adsorbed state of the molecule.
The relative energy shown in the figures represents the relative binding energy with respect to the reference state according to
In the cases where the relative energy is calculated at a single H coverage y H (Fig. 2, 4 and 6) it thus represents the difference in total energy.
Results and discussion

Adsorption of hydrogen
Adsorption of H on Pt(111) has been simulated for isolated H atoms (y H = 1/36 ML) and at higher coverages of 0.5 and 1 ML. The binding energy E B,H 2 has been calculated with respect to molecular H 2 in the gas phase as described in detail in the Methods section. The preferred adsorption site for isolated H is found to be on top of a surface Pt atom with a binding energy of À0.52 eV (Table 1) . On the fcc site it is marginally less stable with E B,H 2 = À0.51 eV. The hcp site is least stable with E B,H 2 = À0.47 eV. These trends are in excellent agreement with previous DFT calculations where H was reported to be most stable on a top site followed by the fcc site where it was marginally less stable by 0.01 eV. On hcp it was least stable with an energy difference of 0.04 eV with respect to the top site. 24 The binding energies on top, fcc and hcp sites result in À2.84, À2.83 and À2.79 eV, respectively, when evaluated with respect to atomic H in the gas phase. This is in very good agreement with the binding energy derived experimentally using helium beam diffraction (E B,H = À2.78 eV). 25 Increasing coverage leads to destabilization of adsorbed H atoms. At 0.5 ML and 1 ML, the binding energy of H adsorbed on a top site increases to À0.45 and À0.37 eV, respectively, indicating repulsive interactions between adsorbed H atoms. Lateral repulsion between adsorbed species has been reported also experimentally. 26 In the case of partially hydrogenated Pt (y H = 0.5 ML), different distributions of H atom on the surface have been considered. When H atoms are segregated on one part of the surface, the binding energy increases (destabilization) slightly to À0.43 eV. The alignment of homogeneously distributed H atoms does not affect the binding energy. Both alignment along the [01% 1] and the [12% 1] direction resulted in E B,H 2 = À0.45 eV.
At 1 ML, the stability of H has been additionally investigated on fcc and hcp sites. The most stable configuration of H at 1 ML is found on an fcc site. This is only slightly more stable (DE B,H 2 = 0.02 eV) than on a top site (Table 1 ). In the following calculations, H adsorption has been considered on top Pt sites.
Adsorption of quinoline
Previous experimental investigations showed that the quinoline part of the cinchona alkaloids plays an important role in the adsorption interaction between the cinchona alkaloids and the Pt surface. 11, 12, 17 Therefore, we first investigated the stability of quinoline on clean Pt(111) for several configurations adopted from previous calculations. 27 The most stable configuration with a binding energy of À1.88 eV is shown in Fig. 1(a1) . Adsorption of quinoline has additionally been calculated on partially and fully hydrogenated Pt(111). In general, hydrogenation of the surface leads to a destabilization of the quinoline molecule. However, the H distribution on the surface has to be considered as well since it affects the availability of active sites. At 0.5 ML coverage, several distributions of H atoms have been investigated. The quinoline molecule is found to be most stable (E B = À1.14 eV) when H atoms are segregated leaving enough active sites for quinoline to adsorb (Fig. S1 , ESI †). When H atoms are distributed homogeneously on the surface, several factors have to be considered that lead to a change in stability. These include, for example, repulsive interactions between the surface H atoms and the quinoline molecule, diffusion of H atoms to different surface sites and H transfer to the molecule. An elaborate study of such, however, is not viable in the context of this work. Nevertheless, here, it is noted that the quinoline molecule tends to incline when surface Pt sites underneath the molecule are occupied by H atoms. For a homogeneous distribution of H atoms at 0.5 ML coverage, a binding energy of À0.62 eV is calculated for a configuration where the quinoline molecule forms an angle a Q-Pt of 461 with the surface plane of Pt(111) ( Table 2 , Fig. 1(a3) ). The elevated H coverage can additionally lead to hydrogenation of the quinoline molecule. In the sample configurations calculated here hydrogen transfer to the N atom results in a binding energy of À0.93 eV indicating a stabilization by 0.31 eV. In this configuration ( Fig. 1(b3) ), the quinoline molecule is with 221 less inclined compared to the configuration without H transfer.
On a fully hydrogenated Pt surface, a stable configuration has been found with a binding energy of À0.91 eV where the quinoline molecule is inclined by 781 ( Fig. 1(b4) ). In this configuration, one H atom is transferred to the N atom. Compared to the corresponding configuration at half H-coverage where H is transferred to N (E B = À0.93 eV), the configuration at full coverage is marginally destabilized by 0.02 eV. With respect to the configuration at 0.5 ML where no H transfer takes place, the quinoline molecule on a fully hydrogenated Pt surface is stabilized by 0.29 eV (see Fig. 1 ). In this configuration, additional H transfer to several C atoms of the quinoline molecule takes place. Comparing the total energies of these configurations thus has to be done with caution since different factors are present that affect the stability of the molecule.
3.3 Adsorption of cinchonidine 3.3.1 Effect of hydrogen transfer. The cinchonidine molecule (CD) is built from a quinoline and a quinuclidine group separated by two C-C bonds (Scheme 1). Directed by the most stable configuration of quinoline on Pt ( Fig. 1(a1) ), the quinoline group of CD has been oriented in the same way resulting in a binding energy of -2.31 eV (Table 4) . In this configuration, the quinoline group adsorbs parallel to the surface (a Q-Pt = 01).
The effect of H transfer from the surface to the CD molecule has been investigated with one H atom on surface, corresponding to a hydrogen coverage of 1/36 ML. In the reference configuration, the H atom has been placed furthest away possible from the CD molecule to minimize interactions with the adsorbate. The binding energy of CD in this reference state has been calculated to be À2.27 eV ( Table 3 , ''on Pt''). Even though the H atom is relatively far away from the CD molecule, the CD molecule is slightly destabilized (DE B = 0.04 eV) compared to adsorption on clean Pt(111) (À2.31 eV). To study the effect of H transfer, the H atom has been placed explicitly next to specific N and C atoms of the CD molecule (Fig. 2, blue lines ). In particular, the H atom has been attached to the N atom of the quinuclidine group, the N 0 atom of the quinoline moiety, the C11 atom of the terminal vinyl group and to the C9 0 atom of the quinoline group (cf. Scheme 1).
Hydrogen transfer to nitrogen leads to a stabilization of the adsorbed molecule. It is most pronounced when the H atom binds to the N 0 atom of the quinoline group (DE B = À0.29 eV)
where the binding energy is À2.56 eV (Table 3) . When the H atom is transferred to the N atom of the quinuclidine group, 
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the molecule is stabilized by 0.18 eV ( Fig. 2(a1) ). H transfer to the C atoms of the quinoline group, on the other hand, is endothermic, thus unfavorable. Transfer to the C9 0 atom results in a destabilization by 0.44 eV (E B = À1.83 eV) and H transfer to the CQC double bond (C11) leads to a destabilization by 0.33 eV. In all configurations, the quinoline group is adsorbed parallel to the Pt(111) surface (a Q-Pt = 01).
Effect of hydrogen coverage.
The effect of the hydrogen coverage of the Pt(111) surface on the stability of the adsorbed cinchonidine molecule has been studied at 1/36, 0.5 and 1 ML coverage. At y H = 0.5 ML, several specific configurations have been calculated similar to the configurations discussed in the previous section at y H = 1/36 ML. In the reference state at 0.5 ML, where H atoms are segregated and no direct interaction between H atoms and the molecule is present, the binding energy is found to be À1.62 eV (Table 4 , Fig. 3(b) ). It is destabilized by 0.69 eV with respect to adsorption on clean Pt(111) (E B = À2.31 eV).
Simulation of different configurations confirmed the stabilization of CD adsorption by hydrogen transfer to the N 0 atom (Fig. 3 , blue line). At y H = 0.5 ML, the molecule is stabilized by 0.35 eV, resulting in a binding energy of À1.97 eV (Fig. 4 , Table 4 ). This is similar to the results found if only one H atom is present on the surface (DE B = À0.29 eV, Fig. 2(b1) ). Instead, when the H atom is attached to one of the C atoms of the quinoline group (C9 0 and C6 0 ), the molecule is destabilized by DE B = 0.28 and 0.33 eV, with binding energies À1.34 and À1.29 eV, respectively (Table 4) .
On partially hydrogenated Pt(111) surface with a hydrogen coverage of 0.5 ML, it is likely that H atoms cover active sites necessary for the CD molecule to adsorb. To account for these effects, H atoms have been specifically placed underneath the molecule. When two or more H atoms are transferred from unaffected top sites to active sites underneath the molecule, the quinoline group of CD bends away from the Pt surface. A binding energy of À0.57 eV is calculated when two H atoms cover the active sites underneath the CD molecule and no H transfer to the molecule takes place (Table 4 , H to ''as''). In this configuration the molecule is bent by 291 and it is destabilized with respect to the reference configuration at 0.5 ML by 1.05 eV ( Fig. 3(a) , Table 4 ).
The relatively low stability of this configuration suggests that, during the adsorption process, the CD displaces the H atoms from active sites. Considering their high mobility, H atoms are likely to diffuse to unaffected sites resulting in more stable configurations such as the reference state shown in Fig. 3(b) . Furthermore, it could also be possible that the H atoms desorb as molecular H 2 .
To examine this scenario a geometry optimization has been carried out using the configuration of Fig. 3 (a) as initial state and manually moving the two H atoms from active sites to the gas phase. During the simulation the CD molecule bends back with the quinoline group parallel to the surface. The energy of the optimized configuration with one H 2 molecule in the gas phase is by 0.34 eV more stable than the one with the two H atoms underneath the molecule. This indicates that at high H coverage (y H Z 0.5 ML) adsorption of the cinchona alkaloid is likely to displace H atoms from active sites which would then either diffuse to unaffected sites or desorb from the surface as molecular H 2 .
Hydrogen transfer to the quinoline N 0 atom in such a configuration leads to a stabilization of the molecule by 0.61 eV with a binding energy of À1.18 eV forming an inclination angle of 261 ( Fig. 4(d) , Table 4 ). In a similar configuration, which is slightly less stable (E B = À1.05 eV) as a result of a stronger inclination of the quinoline group towards the surface (a Q-Pt = 331), a comparable degree of stabilization upon H transfer to N 0 (DE B = À0.59 eV) is observed (not shown). The effect of H transfer to N 0 in these cases is stronger than for a configuration where the quinoline group is adsorbed planar on the surface (DE B = 0.35 eV). This can possibly result from the vicinity of the N 0 atom to the surface which leads to repulsive interactions between the transferred H atom and the Pt surface when the molecule is adsorbed parallel to the surface ( Fig. 3(d) ). These interactions are less pronounced when the molecule is inclined, thus, leading to a higher degree of stabilization upon H transfer to N 0 (Fig. 4) .
A significant destabilization by 1.36 eV of the CD molecule is observed when the hydrogen coverage increases from y H = 0.5 to 1 ML (Fig. 3) . The occupation of active Pt sites by H atoms repels the CD molecule from the surface. Furthermore, the probability of H transfer is increased, leading to hydrogenation of C atoms of the CD molecule. This is the case in the most stable configuration (Fig. 3(f) ) where, in addition to H transfer to N 0 , one H atom is transferred to the C4 0 atom. Hydrogen transfer to the C11 atom, leading to elimination of the CQC double bond, additionally destabilizes the molecule by 0.45 eV (Fig. 3(e) , E B = À0.16 eV). It should be noted that the energy levels represented in Fig. 3 do not refer to the actual binding energy of the corresponding configuration but are calculated with respect to the reference state of CD adsorbed on clean Pt(111).
In summary it is found that preadsorbed H on Pt(111) leads to a destabilization of the CD molecule. With increasing H coverage, the binding energy of CD on Pt(111) changes from À2.31 eV (y H = 0 ML) to À0.61 eV (y H = 1 ML) indicating a 1, Fig. 4) .
When the CD molecule is adsorbed with the quinoline group parallel to the Pt(111) surface (Fig. 3(b), CD ref ) , H transfer to the CQC double bond leads to a notable destabilization by 0.59 eV (CD ref -hyd, Table 5 ). In this configuration, the terminal CH 2 moves closer to the Pt surface, reflected in a smaller distance of C11 (d z,C11 = 4.01 Å) to the Pt(111) surface plane with respect to the reference configuration (CD ref , d z,C11 = 4.30 Å). Elimination of the CQC double bond leads to an elongation of the C11-C10 bond length by 0.12 Å. The CQC bond destabilization also affects the neighboring C3-C2 bond which is elongated by 0.17 Å (Table 5 ). Similar effects both in terms of stability and structure are observed when H is transferred to quinoline N 0 prior to the H transfer to the C11 atom (CD N 0 , Fig. 4(a) ). Details are represented in Table 5 .
Significant differences in the effect of H transfer to the CQC double bond are observed when the quinoline group is inclined with respect the Pt(111) surface (CD as and CD N 0 ,as ). In these cases, the C2-C3 bond is broken and the destabilization effect is less pronounced. When H is added to the quinoline N 0 atom, additional H transfer to C11 leads to a destabilization of the system by 0.23 eV (Fig. 4(c) ) and even less (0.10 eV, Fig. 4(b) ) when no H atom has been transferred to the CD molecule prior to the H transfer to the CQC group. The smaller destabilization effect possibly results from a higher flexibility and mobility of the quinuclidine moiety.
In particular, the quinuclidine group moves away from the surface indicated by a larger distance of the C11 atom and of the added H atom from the surface (see Table 5 ).
3.4 Adsorption of cinchonine 3.4.1 Effect of hydrogen transfer. Cinchonine (CN) adsorbed on the clean Pt(111) surface is with a binding energy of À2.37 eV slightly more stable than its diastereomer CD (E B = À2.31 eV). Similar to CD, the CN molecule adsorbs with the quinoline group planar on the Pt(111) surface (Fig. S3(a) , ESI †). The effect of H transfer from the Pt surface to CN has been evaluated in a similar way as for CD. Initial configurations where the H atom is bound explicitly to specific sites of the molecule, including both N atoms, a C atom of the quinoline group (C9 0 ) and the C11 atom (terminal vinyl group of the quinuclidine moiety) have been optimized. In the reference state, the H atom is placed on a top Pt site furthest away possible from the CN molecule to reduce interactions (Table 3 , ''on Pt''). The interactions with the H atom are slightly repulsive leading to a destabilization of the CN molecule by 0.05 eV (E B = À2.32 eV) with respect to adsorption on clean Pt(111) equivalent to the case of CD (Table 3 , Fig. 2 ). Hydrogen transfer to N and N 0 results in a stabilization of the CN molecule by 0.43 and 0.25 eV, respectively (Fig. 2(a2 and b2) , Table 3 ). The different absolute configuration at the C8 center in the CN molecule, (R), results in a change in the orientation of the quinuclidine group compared to the CD isomer. In the CD molecule, where C8 has (S) character, the OH group points towards the surface (Fig. 2(a1) ). In contrast, in CN, the OH group is oriented away from the surface and the quinuclidine N atom points downward. When H is transferred to the N atom, the H atom points towards the Pt surface ( Fig. 2(a2) ) indicating attractive interactions reflected in stronger stabilization (DE B = À0.43 eV) compared to the situation in CD (DE B = À0.18 eV). The orientation of the quinoline group, on the other hand, is identical with respect to the surface in both CN and CD. Thus, H transfer to the quinoline N 0 atom has a similar effect in CN ( Fig. 2(b2) ) and CD ( Fig. 2(b1) ) with a stabilization by 0.25 and 0.29 eV, respectively (Table 3) . Hydrogen transfer to a C atom instead destabilizes the CN molecule equivalent to what is found for the CD molecule. If attached to the C9 0 atom of the quinoline group, CN is destabilized by 0.42 eV. Even more pronounced is the effect of H transfer to the CQC double bond (Fig. 2(c2) ). It results in a destabilization by 0.78 eV. In the case of CD, CQC bond elimination has less effect. There, the adsorbed molecule is destabilized by only 0.33 eV. 
The effect of H coverage on the stability of CN has been studied in analogy to CD at 1/36, 0.5 and 1 ML. As for CD adsorption, segregated H distribution has been used to study the effect of H transfer at y H = 0.5 ML, leaving enough active Pt sites available for an unhindered adsorption of CN. When no H transfer takes place, preadsorbed H at y H = 0.5 ML leads to a destabilization of the CN molecule on Pt(111) by 0.81 eV (Fig. 5, Table 6 ) compared to adsorption on clean Pt(111). Starting from this configuration, hydrogen transfer to the quinoline N 0 atom has been simulated, resulting View Article Online in a stabilization of the system by 0.28 eV (Fig. 6(b) ). This is similar to the stabilization when only one H atom is present in the system (DE B = À0.25 eV, Table 3 , Fig. 2 ). When H atoms are adsorbed on active Pt sites underneath the CN molecule bending of the quinoline group is observed similar to the case of CD. For such a configuration (without any H transfer) a binding energy of À0.66 eV has been calculated ( Fig. 6(d) ), corresponding to a destabilization by 0.90 eV with respect to the reference state. In this configuration the quinoline group is bent by 281 (Table 6) .
For CD the hydrogen transfer to quinoline N 0 of the inclined molecule stabilizes the molecule more (DE B = À0.61 eV) than in the case of planar adsorption (DE B = À0.35 eV). This trend is also observed for CN, however, less prominent. Upon H transfer to N 0 , the inclined molecule is stabilized by 0.46 eV (E B = À1.12 eV, Fig. 6(f) ) while in the planar configuration the energy gain has been calculated to be 0.28 eV (Fig. 6(b) ). Increasing the hydrogen coverage leads to additional destabilization of the adsorbed CN molecule. In the case where hydrogen is transferred to quinoline N 0 , the CN molecule is destabilized by 0.88 eV (Fig. 5, blue lines) for the H coverage increasing from y H = 0.5 ML to 1 ML. Significant differences are observed in the adsorption modes of CD and CN at 1 ML. In CD, no configuration is found without H transfer to one of the C atoms of the quinoline moiety. Furthermore, all stable configurations have similar binding mechanisms with respect to the ones at 0.5 ML, which is with the C4 0 atom closest to the surface and the quinoline group bent away (see Fig. 3 ). The most stable configuration is obtained when H is transferred to quinoline N 0 and C4 0 . For CN, on the other hand, in the most stable configuration H is transferred to the quinuclidine N atom (Fig. 5(f) ), resulting in a binding energy of À1.09 eV ( Table 6 ). The bending angle in this configuration is 141. The CN molecule becomes slightly less stable when H is transferred to the quinoline N 0 instead resulting in a binding energy of À0.96 eV.
In this configuration, the CN molecule is bent in the other Table 6 refer to configurations with a rooflike shape where the quinoline group is inclined in the opposite direction as the quinoline moiety in CD. Both configurations are more stable compared to the CD molecule (E B = À0.61 eV).
When no H atom is transferred to the CN molecule, a binding energy of À0.24 eV is calculated (Fig. 5(d) ) with the , with H atoms adsorbed on active sites leading to a bending of the quinoline group (CN as ) and with both H transfer to N 0 and H atoms on active sites (CN N 0 ,as ). The required energy for CQC bond elimination and subsequent C-H bond formation is similar in all configurations (0.88 AE 0.03 eV, Table 7 , Fig. 6 ) and it is notably higher than that for the CD molecule (DE B,max = 0.61 eV).
In contrast to CD, in CN, the C2-C3 bond of the quinuclidine remains stable in all calculated configurations. This signifies a reduced flexibility of the quinuclidine moiety with respect to the cases where the C2-C3 bond is broken. Hydrogen transfer to C11 in CN simply leads to a destabilization of the C2-C3 bond indicated by an elongation of the bond 0.11 AE 0.006 Å.
At the same time, the C10-C11 bond is elongated by 0.14 Å to 1.47 Å (in CN ref -hyd and CN as -hyd) and 1.48 Å (in CN N 0 -hyd and CN N 0 ,as -hyd, see Table 7 ). Hydrogen transfer to the CQC bond furthermore leads to a bending of the CH 3 group towards the surface as demonstrated by the decrease in d z,C11 . However, the distance between the CH 3 and the Pt surface remains longer than that for CD. More structural and energetic properties of all calculated configurations are represented in Table 7 .
Comparison of adsorption behavior of the cinchona alkaloids
Density functional theory has been used to study the coadsorption of the cinchona alkaloids (CD and CN) with hydrogen on the Pt(111) surface. Adsorption has been simulated focusing on the effect of preadsorbed hydrogen on Pt(111) and possible H transfer to the adsorbed cinchona alkaloids.
On the clean Pt(111) surface, both diastereomers adsorb with the quinoline group parallel to the Pt(111) surface plane. In this configuration, CN is slightly more stable with a binding energy of À2.37 eV compared to the pseudo-enantiomer CD which is adsorbed with a binding energy of À2.31 eV.
3.5.1 Effect of hydrogen transfer. Investigation of H transfer has revealed that transfer to C atoms destabilizes the adsorbed cinchona alkaloids while transfer to N atoms leads to stabilization. H transfer to the quinoline N 0 atom results in a stabilization by 0.29 and 0.25 eV in CD and CN, respectively (Table 3) . Different behavior has been observed for H transfer to the N atom of the quinuclidine moiety. In CD, the stabilization is less pronounced compared to H transfer to N 0 with an energy gain of 0.18 eV. In contrast, in CN, stabilization is stronger with an energy gain of 0.43 eV. This can be attributed to the different absolute configuration at the C8 center in cinchonidine (S) and cinchonine (R), respectively, leading to a different orientation of the N atom of the quinuclidine moiety with respect to the surface. In CN, the transferred H atom points downward to the Pt surface ( Fig. 2(a2) ) suggesting attractive interactions which can possibly explain the stronger stabilization. The effect of H transfer to the C9 0 atom of the quinoline moiety is again similar for both molecules. It leads to a destabilization by 0.44 and 0.42 eV in adsorbed CD and CN, respectively. Elimination of the CQC double bond of the terminal vinyl group, on the other hand, destabilizes the adsorbed CD molecule by only 0.33 eV while the CN molecule is destabilized by 0.78 eV. As a matter of fact, in this configuration, the CD molecule is more stable (E B = À1.94 eV) than the CN molecule (E B = À1.54 eV). Apparently, the different chirality of the C8 center and the resulting different orientation of the quinuclidine moiety significantly affect hydrogenation processes and the resulting stability of the two diastereomers on the Pt(111) surface. 3.5.2 Effect of hydrogen coverage. The coverage effect of pre-adsorbed H on the Pt(111) surface has been studied for different configurations of the CD and CN molecules at y H = 0.5 and 1 ML. In general, a destabilization of the two cinchona alkaloids is observed with increasing H coverage. In the most stable configuration at 1 ML, CD is destabilized by 1.70 eV with respect to adsorption on the clean Pt(111) surface (Fig. 3 ). For CN, this effect is less pronounced with a destabilization of 1.28 eV with increasing coverage y H from 0 to 1 ML. Several factors can lead to the difference in energy. The most stable configuration at 1 ML of CN is with one H atom bound to the N atom of the quinuclidine group. This configuration is slightly more stable (DE B = 0.13 eV) than the configuration with H attached At all coverages, the most stable configurations are found when H transfer to N takes place. In CD, the transfer to N 0 of the quinoline moiety is more stable, in CN the transfer to N of the quinuclidine group. In fact, at low H coverage (y H = 1/36 ML) this is even more stable than adsorption on a clean Pt(111) surface ( Fig. 3 and 5 and Tables 4 and 6 ). In the interest of a better comparison to CD, Fig. 5 shows the energy levels of CN when H transfer to N 0 takes place (blue line) even though transfer to N is expected to result in the highest stability at all coverages.
With increasing H coverage, more Pt sites become occupied by H reducing the number of available sites for the cinchona alkaloids to adsorb. As a results, at high H coverage (y H Z 0.5 ML), the molecules tend to anchor on less sites and become lifted away from the surface. In these cases, a remarkable destabilization of the molecules is observed and the quinoline group bends away from the surface. At 0.5 ML, the adsorbed CD and CN become destabilized by 1.05 and 0.90 eV, respectively, when H atoms cover active sites underneath the molecule. In these configurations the quinoline group forms an angle of 291 (CD) and 281 (CN) with the Pt surface.
As a result of the high mobility of H atoms on the Pt surface, it is likely that H atoms diffuse to unaffected sites upon adsorption of the molecules. Furthermore, the H atoms could desorb as molecular H 2 as has been shown in the case of CD.
At full coverage (1 ML), all active sites are covered by H atoms and the molecules are destabilized even more. Despite the simulation of numerous initial configurations, only a limited number of stable configurations has been found for CD at 1 ML coverage (Fig. 3 ). In these configurations, H atoms are transferred to N 0 and one C atom of the quinoline group (C4 0 ). Fig. 5 and Table 6 ). In this configuration the quinoline group forms an angle of 141. In all other stable configurations at 1 ML, the quinoline group is inclined in the other direction forming a roof-like structure (Fig. 5(c-e) ). Even without H transfer to the molecule, CN is stable at y H = 1 ML, however, with a positive binding energy (0.22 eV) indicating endothermic adsorption behavior. The notable range of different configurations and their binding energies found for CN at 1 ML points to a smooth potential energy surface and a higher flexibility of the molecule compared to CD. 3.5.3 Hydrogen transfer to the vinyl group. Unprecedented behavior is observed when H is transferred to the C11 atom of the terminal vinyl group, i.e. when the CQC double bond is eliminated (Fig. 4 and 6 ), which has been studied at a partially hydrogen covered Pt surface (y H = 0.5 ML). For a parallel configuration of CD, hydrogen transfer to C11 leads to a destabilization of the system by 0.59 eV. Elimination of the CQC double bond results in an elongation of the C-C bond length from 1.34 to 1.46 Å (Table 5 ). In addition, the C2-C3 bond length is elongated by 0.14 Å and the CH 3 group moves towards the surface as indicated by a reduced distance of the C11 atom from the surface (Dd z,C11 = À0.29 Å). A similar behavior is observed when H transfer to N 0 occurs (see Table 5 for details).
The situation changes drastically when the quinuclidine group is inclined towards the surface. In this case, hydrogen transfer to the C11 group leads to a breaking of the C2-C3 bond in the quinuclidine moiety and the system is destabilized only by 0.10 eV. A similar elongation of the C10-C11 bond length is observed (Dd C10-C11 = 0.16 Å) compared to the situation described above where the C2-C3 bond remains intact. However, as a result of the higher flexibility of the quinuclidine part after breaking of the C2-C3 bond, the CH 3 is further away from the Pt surface as before (Dd z,C11 = 0.52 Å).
When hydrogen is transferred to quinoline N 0 in the inclined molecule (CD N 0 ,as , Fig. 4(d) ), additional H transfer to C11 has similar effects. The C2-C3 bond of the quinuclidine group is broken and the terminal CH 3 group moves away from the surface by 0.47 Å. The destabilization of the system upon H transfer to C11 is slightly stronger (DE B = 0.23 eV) than that when no H is transferred to N 0 (DE B = 0.10 eV).
Hydrogen transfer to C11 in the CN molecule is in contrast to the situation of CD. Destabilization is stronger and almost equivalent in all calculated configurations (0.88 AE 0.03 eV, Fig. 6 ). As a result of the stronger destabilization, the CN molecule becomes less stable than the CD isomer. Upon H transfer to Table 7 Cinchonine adsorption. Binding energy E B and structural properties on partially covered (y H = 0.5 ML) Pt(111) in different configurations focusing on the effect of hydrogen transfer to the CQC double bond. The hydrogenated configurations have been created by transferring one surface H atom to the C11 atom of the terminal vinyl group. The geometric properties are compared to the corresponding configuration without H transfer to the vinyl group. See Table 5 and Fig. 4 C11, the terminal CH 3 moves towards the surface by 0.81 AE 0.1 Å. However, it is still further away from the surface than in the CD molecule. For CN, no C2-C3 bond breaking has been observed. The quinuclidine ring remains stable in all calculated configurations.
Comparison of theoretical results with experimental observations
The results of the DFT calculations of the coadsorption of cinchona alkaloids and hydrogen substantiate the experimental observations made by in situ IR spectroscopy 11, 12, 17 and Raman spectroscopy 28 as well as catalytic tests, 3, 4, 15, 16, 18 but also provide new insight into the adsorption behavior of cinchona alkaloids. The IR studies as well as the DFT results indicate that adsorption occurs via interaction of the quinoline ring of the cinchona alkaloids with the Pt surface. The IR studies further showed that at low cinchona alkaloid concentration (low coverage) adsorption occurs via p-bonding resulting in nearly parallel adsorption and at higher coverage via quinoline N 0 -lone-pair bonding yielding a tilted adsorption mode. Interestingly, the DFT results reveal that tilting of the quinoline anchoring unit can also be induced by coadsorption of hydrogen as recently evidenced by ATR-SEIRAS studies. 17 This change of the adsorption mode alters the position of the stereogenic centers around C8 and C9 with respect to the Pt surface and thus the chiral space. Whether this tilting has a bearing on the enantiodifferentiating ability of the cinchona alkaloid is not clear yet and likely will depend on the structure of the substrate. However, the DFT results show that it has a strong influence on the stability of the adsorbed cinchona alkaloid. Experimental investigations showed considerable propensity of the adsorbed cinchona alkaloids to undergo partial hydrogenation in the presence of coadsorbed hydrogen. 15, 16 This propensity affects the stability of the adsorbed cinchona alkaloid under reaction conditions of the asymmetric hydrogenation. The DFT calculation indicate that in the presence of coadsorbed hydrogen the cinchona alkaloids are affected by possible partial hydrogenation, in agreement with experimental observations. 3, 4, 15, 16 While partial hydrogenation of the quinoline ring (C6 0 and C9 0 ) as well as H transfer to the CQC double bond at C10, C11 position of the quinuclidine part destabilize the adsorbed cinchona alkaloid, H transfer to the quinoline N 0 atom and quinuclidine N atom stabilize the adsorbed cinchona alkaloid. The DFT calculation confirm that the hydrogen transfer from the surface to the quinuclidine N is energetically feasible. This hydrogen transfer is crucial for the formation of the N-HÁ Á ÁO hydrogen bond between cinchona alkaloid and substrate as experimentally evidenced in recent operando ATR-IR studies. 29 Under reaction conditions of the enantioselective hydrogenation of ketones there are two possible scenarios for the hydrogen addition to the quinuclidine N:H transfer from the Pt surface (governing mechanism in apolar and aprotic solvents) or protonation in protic solvents (e.g. acetic acid). 3 For the two diastereomers (pseudoenantiomers) CD and CN, which only differ in the absolute configuration at C8 and C9 (Scheme 1) similar adsorption energies are calculated. The two diastereomers show comparable behavior concerning stabilization and destabilization effects caused by hydrogen coadsorption and transfer. However, there are some striking differences concerning the effect of hydrogen transfer to the N 0 atom of the quinoline moiety and the N atom of the quinuclidine part as well as the stability of the C2-C3 bond of the quinuclidine moiety. Whether these differences are responsible for the slightly different enantiodifferentiating ability of CD and CN observed in catalytic tests cannot be answered based on the present data, but the theoretical calculations reveal significant differences of the adsorption geometry and stability for the two diastereomers, which likely have a bearing on the catalytic behavior (enantiodifferentiating ability, activity and stability under reaction conditions).
Conclusions
The theoretical study of the coadsorption of cinchona alkaloids (CD and CN) and hydrogen on Pt(111) indicates that the presence of hydrogen significantly changes the adsorption geometry and stability of the cinchona alkaloids. While on a clean Pt surface the quinoline moiety of the cinchona alkaloids is adsorbed nearly parallel to the surface, at higher hydrogen coverage (0.5 ML) the quinoline part becomes tilted leading to different spatial arrangement of the stereogenic centers around C8 and C9. Hydrogen transfer from the surface to the N 0 atom of the quinoline part as well as to the N atom of the quinuclidine moiety stabilizes the adsorbed cinchona alkaloids, whereas partial hydrogenation of the quinoline ring as well as hydrogen transfer to the CQC double bond at C10, C11 position of the quinuclidine destabilizes it. The results of the DFT calculations are in good agreement with experimental observations. In addition, they provide information about the stability of the different adsorption geometries of the cinchona alkaloids induced by coadsorption with hydrogen and corroborate that the coadsorption with hydrogen significantly changes the adsorption mode of the cinchona alkaloids, which should be taken into account in future mechanistic investigations of the asymmetric hydrogenation of cinchona-modified platinum.
